A key component of upcoming secondary controlled fluid-power systems for e.g. wave energy is the implementation of discrete force control of cylinders by discrete variation of the cylinder displacement. However, as the discrete control is implemented by shifting between fixed system pressures in multiple cylinder chambers using on/off valves, the energy efficiency of the performed shifts is essential for the total system efficiency. However, pressure shifting on a volume, where the dynamics of pressure propagation in the pipelines is negligible have been proved to have an unavoidable minimum loss due to the compressibility of the fluid. This paper performs a simulation study, showing that an improved energy efficient shift may be implemented by utilising the pressure propagation in the line between valve and cylinder chamber.
Introduction
An upcoming type of discrete displacement technology within fluid power is the implementation of a secondary controlled system, consisting of pressure-fixed supply lines. Here the force control of cylinders is not throttle-based, but implemented using discrete variation of the cylinder displacement. This is realised by multi-chambered cylinders, where the pressure of the different chambers can be shifted between the pressure levels of the secondary controlled system using an arrangement of on/off valves, see Fig.1a . These typed of systems are discussed in [1] , [2] and [3] . 
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Simple shift The shifting of pressure within a volume is associated with an energy loss, which has been treated analytically in [1] and [3] . In [1] it was proved, that for a system as in Fig.1b , shifting a volume V from p a to pressure level p b always results in the following minimum loss E β-loss
where β is the effective bulk-modulus of the fluid. The loss is dissipated across the valve, and is caused by the flow required for the pressure change due to the compressibility of the fluid. The investigations in [1] and [3] neglected transmission phenomena within the pipeline connecting valve and volume, and instead modelled the line as a lumped capacitance. In [4] the pressure propagation in the connecting pipeline was included. In [4] it was proved, that if the response from the pressure input to the pipeline p in to the pressure in the volume p V is under-damped, a more efficient shifting is obtainable. This is demonstrated in Fig.1b , where a pressure shift is performed from p a → p b . As seen in Fig.1c the pressure overshoots before settling. Normally, the energy stored at the extra compression at the overshoot is eventually dissipated by the damping in the system. The idea in [4] is to perform a sequel shift to a third pressure p c at the point of maximum overshoot as in Fig.1d . In this way, the system settles at this point, utilising the energy at the overshoot. The focus of this paper is to perform a simulation study, showing that the analytical result in [4] may be feasible for a real system.
Methods
To analyse pressure propagation in rigid lines experiencing large pressure changes, which is the case for the discussed system, the model in [5] may be applied. The approached is to discretise the transmission line into a number of mass elements, see Fig.1e , after which the flow continuity and momentum equation are applied to each element, yielding a system of ordinary differential equationṡ
where p fric (Q i ) is a function describing the line's friction or flow resistance. The flow Q 0 = Q in is the input flow to the hose at the valve and p n+1 = p V is the pressure in the chamber connected to the hose.
For the simulation a model consisting of n = 5 elements is utilised. The friction term p fric (Q i ) is calculated using Darcy's equation 
where ν is the kinematic viscosity of the fluid, which in this paper is selected to 32cSt. The flow of the on/off valves a,b and c are described using the orifice equation
where the valve dynamics u v is modelled as a ramp function. The dynamics of the volume or cylinder chamber is described by the flow continuity equation asṗ V (t) = Q 5 β V . The shifting loss in the simulation is calculated as
The parameters used for the simulation is given in Table 1 . The volume is selected as a cylinder producing 100 kN at a differential pressure of 200 bar. The hose diameter is determined such that if the cylinder is travelling at 0.5 m/s, then the flow velocity in the hose is 8 m/s, which is typical for pressure lines. The valve opening is designed to have a pressure drop of 5 bar at a flow corresponding to the cylinder travelling at 0.5 m/s. Fig.2a , showing an overshoot pressure of 172 bar. In Fig.2b the valve u b is closed at the maximum overshot, showing a pressure peak in front of the valve of 205 bar due to a reflected pressure wave. Two strategies are tested, where the first is to perform a second step to the pressure at maximum overshoot in the volume, i.e. p c = 172 bar.
The result of the first strategy is seen in Fig.2c , showing a total loss of 247 J. To compare to the simple shifting procedure in [1] , the best result would be obtained by going from p a to p c through an intermediate pressure p m = 0.5 · (p c −p a ). Thus, the lowest loss for the simple shift is given by Eq.1
where
Inserting into Eq.7 gives 453J. Thus, the smart shifting method using the line dynamics reduces the loss in this case with 46% compared to two sequential simple shifts. The second strategy is to step with pressure p c equal the size of reflected wave at p 1 , i.e. p c = 205 bar. This is seen Fig.2d , yielding a loss of 289J. Inserting into Eq.7, the loss of the simple shift would be 672 J, i.e. a loss reduction of 57%. Thus the second strategy gives an even more efficient shift, however, the pressure response in the cylinder is less damped.
Simulation results with t v = 14 ms. The sequence of closing and opening of valves is timed such that no short-circuiting of pressure lines is performed. The results are seen in Fig.3 . The overshoot of the pressure in Fig.3 is a bit reduced compared to Fig.2 . The pressure peak caused by the reflected pressure wave is reduced from 205 bar to 192 bar.
For the first strategy, the result is seen in in Fig.3c where p c = 172 bar, showing a loss of 293 J. Thus, a loss reduction of 35% is obtained compared to the simple shift. In Fig.3d the pressure is stepped up to p c = 192 bar, showing a loss of 322J. Inserting into Eq.7, the loss of the simple shift would be 581J, hence a loss reduction of 45% is obtained. Thus, the second strategy still gives the most efficient shift. Step from p a ->p b ->p c =205bar Step from p a ->p b ->p c =192bar 
Conclusion
The simulation study shows that for shifting pressure in a cylinder chamber, energy saving is obtainable by utilizing the pressure propagation in the line. Regarding valves response time, the result shows that increasing the opening and closing of valves reduces the energy saving. However, a reduction of 40% is still obtainable in the simulations for valves with realistic opening times. To further investigate the feasibility of this energy efficient shifting, the displacement flow of the cylinder should be included, and a sensitivity analysis should be performed. Moreover, a study of the required amount of line or hose ''inductance'' compared to the system characteristics should be performed.
